Many methanotrophs have been shown to synthesize methanobactin, a novel biogenic copper-chelating agent or chalkophore. Methanobactin binds copper via two heterocyclic rings with associated enethiol groups. The structure of methanobactin suggests that it can bind other metals, including mercury. Here we report that methanobactin from Methylosinus trichosporium OB3b does indeed bind mercury when added as HgCl 2 and, in doing so, reduced toxicity associated with Hg(II) for both Alphaproteobacteria methanotrophs, including M. trichosporium OB3b, M. trichosporium OB3b ⌬mbnA (a mutant defective in methanobactin production), and Methylocystis sp. strain SB2, and a Gammaproteobacteria methanotroph, Methylomicrobium album BG8. Mercury binding by methanobactin was evident in both the presence and absence of copper, despite the fact that methanobactin had a much higher affinity for copper due to the rapid and irreversible binding of mercury by methanobactin. The formation of a gray precipitate suggested that Hg(II), after being bound by methanobactin, was reduced to Hg(0) but was not volatilized. Rather, mercury remained associated with methanobactin and was also found associated with methanotrophic biomass. It thus appears that although the mercury-methanobactin complex was cell associated, mercury was not removed from methanobactin. The amount of biomass-associated mercury in the presence of methanobactin from M. trichosporium OB3b was greatest for M. trichosporium wild-type strain OB3b and the ⌬mbnA mutant and least for M. album BG8, suggesting that methanotrophs may have selective methanobactin uptake systems that may be based on TonB-dependent transporters but that such uptake systems exhibit a degree of infidelity.
I
t is well known that copper plays a key role in the physiology and activity of aerobic methanotrophs (1), a group of bacteria capable of utilizing methane as their sole carbon and energy source. The first step in methanotroph metabolism is the oxidation of methane to methanol and is catalyzed by one of two forms of methane monooxygenase: soluble methane monooxygenase (sMMO) and membrane-bound or particulate methane monooxygenase (pMMO). The concentration of copper in the growth medium determines which of these two forms is expressed: sMMO is produced only under conditions of copper starvation, whereas pMMO is expressed when copper is available, i.e., the phenomenological "copper switch" (2) (3) (4) (5) (6) . Copper has also been consistently found to enhance pMMO activity (7) (8) (9) , and it is hypothesized that it composes the active site of pMMO (10) , although some evidence also suggests that iron is involved (11) . It is generally agreed that at least in some methanotrophs, the copper requirement is approximately 10-fold higher than the Cu requirement observed in other microorganisms (5, 8, (12) (13) (14) , possibly due to its role in the pMMO.
Given the important role of copper in methanotrophic metabolism, an effective copper acquisition system is crucial. To meet their high requirement for copper, methanotrophs appear to utilize multiple copper acquisition systems (15) (16) (17) (18) (19) (20) (21) . One of the copper acquisition systems utilized by methanotrophs involves the production and secretion of a copper chelating compound or chalkophore termed methanobactin (MB) (17) . Methanobactin is a low-molecular-mass siderophore-like molecule whose primary function is believed to be copper uptake, as well as possibly contributing to pMMO activity and being involved in regulating the expression of sMMO and pMMO (6, 17, 22) . Initially, MB was purified from M. trichosporium OB3b, and its crystal structure was characterized (15, 17, 18, (23) (24) (25) (26) . More recently, MB was isolated from four Methylocystis species: Methylocystis sp. strain SB2 (27) , Methylocystis hirsuta CSC1, Methylocystis sp. strain M, and Methylocystis rosea (28) . Comparison of these five forms of MB indicates that they all have two heterocyclic rings, one of which is a fivemember oxazolone ring, while the other ring is either a five-member ring, either oxazolone or imidazolone, or a six-member pyrazinedione ring. Additionally, the rings of all known forms of MB have associated enethiol groups and are separated by 2 to 5 amino acids. Finally, all characterized forms of MB bind copper with extremely high affinity, Ն10 21 M Ϫ1 . Methanobactin from M. trichosporium OB3b has been shown to bind a variety of metals in addition to copper, including Hg(II), Ag(I), Au(III), Co(II), Cd(II), Fe(III), Mn(II), Ni(II), Pb(II), U(VI), and some others (24) . The binding of different metals by this form of MB, although with affinities orders of magnitude lower than that for copper, is intriguing and suggests that although MB preferentially binds copper, MB may play a role in controlling the speciation and bioavailability of other metals in situ, particularly mercury.
Microbial activities play an important role in modulating mer-cury toxicity in the environment. There are a number of resistance systems that are used by microorganisms to reduce the toxic effect of mercury. Some organisms use a detoxification mechanism that is based on mercury reduction, which is specified by the merA gene (a part of the mercury resistance [mer] operon) (39) . Another strategy of reducing mercury toxicity is to produce a compound capable of binding mercury in the environment. In this work, the primary focus was on the ability of MB produced by a methanotrophic bacterium, Methylosinus trichosporium OB3b, to bind mercury. Mercury is regarded as a "priority hazardous substance" by the Agency for Toxic Substances and Disease Registry (ATSDR) because of its toxicity, mobility, and long residence time in the atmosphere (29) . Since mobilization and transport of heavy metals, including mercury, from hazardous waste sites are persistent and substantial problems, and methanotrophic bacteria are often present at these sites, it is important to understand the potential of this group of microorganisms to play a role in remediation of these ecosystems.
MATERIALS AND METHODS

Bacterial strains and growth conditions. Methylosinus trichosporium
OB3b; a mutant defective in MB production, Methylosinus trichosporium OB3b ⌬mbnA; Methylomicrobium album BG8; and Methylocystis sp. strain SB2 were used as model organisms. The Methylosinus trichosporium OB3b ⌬mbnA mutant was constructed as previously described (6) . Methanotrophic cultures were grown in NMS medium (30) at 30°C in the dark without any added copper or with 1 M copper as CuCl 2 . For consideration of the impact of copper on mercury toxicity, M. trichosporium wildtype strain OB3b and the ⌬mbnA mutant were grown either in the absence of copper (to induce sMMO expression) or in the presence of 1 M copper (to induce pMMO expression). M. album BG8 and Methylocystis strain SB2 were grown only in the presence of 1 M copper, as these strains can express pMMO only. Furthermore, for growth of the M. trichosporium OB3b ⌬mbnA mutant, 2.5 g/ml gentamicin was added to the culture medium. Methanobactin was extracted and purified from Methylosinus trichosporium OB3b by using previously described procedures (22) . Mercury and MB were added to culture medium in the following concentrations: mercury (as HgCl 2 ) at 0 and 5 M and MB at 0, 5, and 50 M. Triplicate 200-ml serum vials (each with 35 ml of NMS medium) under each condition were capped with Teflon-coated butyl-rubber stoppers. For the growth of methanotrophs, CH 4 was added a at a methaneto-air ratio of 1:2. The optical density at 600 nm (OD 600 ) was measured with a Genesys 20 Visible spectrophotometer (Spectronic Unicam, Waltham, MA) at 12-h intervals until the stationary phase was reached. Protein measurement. Protein concentrations were measured by using the Bradford assay (Bio-Rad Laboratories) after first concentrating 5 ml of the microbial cultures to 1 ml by centrifugation at 4,500 ϫ g for 10 min at room temperature. These cell suspensions were then digested in 2 M NaOH (0.4 ml 5 M NaOH per 1.0 ml of culture) at 98°C for 15 min. The digested cell suspensions were then mixed with 1ϫ dye reagent, as suggested by the manufacturer. The samples were incubated for 5 min at room temperature, and the absorbance was measured at 595 nm by using the Genesys 20 Visible spectrophotometer (Spectronic Unicam, Waltham, MA). The correlation between the protein concentration and the optical density (OD 600 ) was subsequently used to calculate the protein concentration for all cultures.
Measurement of mercury associated with biomass. Bacterial biomass was collected by centrifugation (4,500 ϫ g for 10 min) after the cultures reached the stationary phase of growth based on optical density measurements, as described above. Supernatant samples were stored at Ϫ20°C. The biomass was resuspended in 1 ml fresh NMS and also stored at Ϫ20°C. To prepare samples for analysis on an inductively coupled plasma mass spectrometry (ICP-MS) instrument (PerkinElmer, Waltham, MA), supernatant samples were diluted in NMS growth medium and 5% (vol/vol) HNO 3 to achieve a final concentration of 2.5% (vol/vol) HNO 3 . Cell suspensions were acidified in 1 ml 70% (vol/vol) HNO 3 and incubated at 95°C for 2 h. The suspensions were mixed every 30 min by inverting the tubes 5 times. Two-milliliter plastic tubes with screw caps (Eppendorf) were used to prevent loss of sample during digestion. All measurements were performed in triplicate.
Binding of mixed metals by MB from M. trichosporium OB3b. To determine metal binding in the presence of a 2-fold molar excess of both copper and mercury, 5 mM MB from M. trichosporium OB3b was mixed with 10 mM HgCl 2 and 10 mM CuSO 4 . Following mixing, the reactants were incubated for 10 min, the solution was run though a Sep-Pak column and washed with 30 ml of H 2 O, and MB was eluted with 60% acetonitrile-40% H 2 O. The Sep-Pak columns were subjected to a final wash with a solution containing 5% HNO 3 -5% HCl-90% H 2 O. Mercury and copper concentrations were determined in the initial reaction mixture, in the water wash, in the 60% acetonitrile-40% H 2 O wash, and in the 5% HNO 3 -5% HCl-90% H 2 O wash.
Kinetics and spectroscopy. UV-visible absorption spectroscopy, fluorescent spectroscopy, and Hg(II) titrations were determined in the dark, as previously described (23, 24) . HgCl 2 and Hg(CN) 2 stock solutions were made in double-distilled deionized H 2 O, while CH 3 ClHg stock solutions were made in 100% methanol. Kinetic measurements of mercury binding were made with a four-syringe Biologic SFM/400/S stopped-flow reactor coupled to a MOS-500 spectrophotometer (Bio-Logic Science Instrument SA, Claix, France). This four-syringe system has independent drives for each syringe, with a minimal dead time of 1.8 ms. Kinetics of mercury binding by MB from M. trichosporium OB3b was monitored at 340 or 394 nm. The reaction mixtures contained 250 M MB and 50 to 500 M HgCl 2 , and the final pH following mixing was 6.7.
Mercury volatilization. Mercury volatilization was determined as previously described by Takeuchi et al. (31) . Briefly, 2.5 M MB solutions were incubated in sealed serum vials with shaking (200 rpm) in the presence of 2.5, 5.0, or 7.5 M HgCl 2 for 0.5 to 24 h at room temperature. The sealed serum vial contained a 0.6% KMnO 4 Hg(0) trap consisting of a test tube 0.5 cm shorter than the serum vial. Following the incubation period, the mercury in the reaction mixture and the KMnO 4 trap was analyzed via vapor diffusion on an Agilent Technologies 55 AA atomic absorption spectrophotometer. Samples of the MB-Hg reaction mixture were also separated via Sep-Pak cartridges, as described above, to determine the percentage of mercury bound to MB. Controls were determined as described above but with the exclusion of MB from the reaction mixture.
Nucleic acid extraction. Nucleic acid extraction was performed by first centrifuging cultures in late exponential phase at 4,500 ϫ g for 10 min at 4°C. Cell pellets were resuspended in 0.75 ml of RNA extraction buffer (0.2 M NaH 2 PO4-Na 2 HPO 4 buffer [pH 7.5] and 5% cetyltrimethylammonium bromide [CTAB] in 2.4 M NaCl). This sample was subjected to bead beating (1 min at 4,800 rpm) in 2-ml plastic tubes containing 0.5 g of 0.1-mm zirconia-silica beads (Biospec Products), 35 l of 20% SDS, 35 l of 20% laurylsarcosine, and 750 l of phenol-chloroform-isoamylic alcohol (25:24:1). The samples were then centrifuged at 14,000 rpm for 5 min at 4°C. The aqueous phase was mixed with an equal volume of chloroform-isoamylic alcohol (24:1) and centrifuged at 14,000 rpm for 5 min at 4°C. RNA was precipitated by adding MgCl 2 (final concentration, 2.5 mM), 0.1 volumes of 3 M sodium acetate, and 0.7 volumes of isopropanol and incubating the mixture overnight at Ϫ80°C. RNA was then recovered by centrifugation at 14,000 rpm for 30 min at 4°C. The DNase treatment was carried out by using the RNase-free DNase set (Qiagen) in accordance with the manufacturer's instructions. The RNA samples were further purified by using the RNeasy Plus kit (Qiagen) using genomic DNA (gDNA) eliminator columns and RNeasy Minispin columns according to the manufacturer's instructions. To check for any DNA contamination, PCR was performed with extracted RNA as the template. RNA was reverse transcribed to obtain cDNA by using Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions.
Reverse transcription-PCR (RT-PCR) was then performed to assay for the expression of pmoA (encoding the 26-kDa subunit of pMMO) and mmoX (encoding the ␣-subunit of the hydroxylase component of sMMO) in M. trichosporium OB3b wild-type and M. trichosporium OB3b ⌬mbnA mutant cells grown with methane with various copper, mercury, and MB concentrations, using previously developed primers (32) (33) (34) . A three-step cycle, with an initial denaturation step at 94°C for 2 min and 35 cycles of denaturation (94°C for 1 min), annealing (55°C for 1 min), and extension (72°C for 1 min), was performed.
RESULTS
Growth of methanotrophs in the presence of mercury and MB.
As shown in Fig. 1 1A and B and 2A and B). Interestingly, the addition of MB at a concentration of either 5 M or 50 M alone with no added copper or mercury had no effect on the growth of wild-type M. trichosporium OB3b but did improve the growth of the ⌬mbnA mutant in both the absence and presence of copper. There was also no difference in the growth of either the wild-type or ⌬mbnA strain of M. trichosporium OB3b with different mercury and MB concentrations in the absence of copper or when 1 M copper was added (see Fig. S1 and S2 in the supplemental material). The ability of other methanotrophs to grow in the presence of mercury and MB from M. trichosporium OB3b was also examined. As can be seen in Fig. 3 and 4 , MB from M. trichosporium OB3b at (Fig. 3) . M. album BG8 could grow with 5 M mercury even if only 5 M MB was added, although a long lag phase of growth was observed (Fig. 4) .
Mercury associated with biomass. ICP-MS analysis of cell suspensions demonstrated that in the absence of any added mercury, the biomass-associated mercury concentration varied, with an average of 0.06 Ϯ 0.03 g mercury · mg protein
Ϫ1
, for all methanotrophic strains. In the presence of 5 M mercury, the amount of mercury associated with biomass for actively growing cultures (Table 1) was significantly larger than that in the absence of mercury for all tested strains at a 95% confidence interval. The ratio of mercury to biomass, however, did not change significantly in the presence of either 5 or 50 M MB for the M. trichosporium OB3b wild type. The M. trichosporium OB3b ⌬mbnA mutant grew only in the presence of 50 M MB and had a greater amount of mercury associated with its biomass than did the M. trichosporium OB3b wild type under these conditions, but such a difference was not significantly different at a 95% confidence interval (Table 1) . Interestingly, M. album BG8 had significantly less mercury associated with biomass from both the M. trichosporium OB3b wild type and ⌬mbnA mutant when either 5 or 50 M MB from M. trichosporium OB3b was added (the difference was significant between M. album BG8 and the M. trichosporium OB3b wild type at 90% confidence and between M. album BG8 and the M. trichosporium OB3b ⌬mbnA mutant at 95% confidence). Methylocystis strain SB2, which grew only in the presence of mercury with 50 M MB added, had more mercury associated with biomass than did M. album BG8 (significant at a 95% confidence interval) but had less than that found for both the M. trichosporium OB3b wild type and ⌬mbnA mutant (the difference was not significant between Methylocystis strain SB2 and the M. trichosporium OB3b wild type at either a 90 or 95% confidence interval but was significant between Methylocystis strain SB2 and the M. trichosporium OB3b ⌬mbnA mutant at a 95% confidence interval).
pmoA and mmoX expression in the M. trichosporium OB3b wild type and ⌬mbnA mutant. Figure 5 shows that pmoA in the M. trichosporium OB3b wild type was constitutively expressed regardless of the copper, mercury, and MB concentrations with which the strain grew. mmoX expression was observed in the M. trichosporium OB3b wild type in the absence of copper (Fig. 5B,  lanes 1 to 5) but not in the presence of 1 M copper (Fig. 5B, lane  6) . Interestingly, however, the addition of either 5 or 50 M MB simultaneously with 1 M copper increased the mmoX expression level in the M. trichosporium OB3b wild type in both the presence and absence of mercury (Fig. 5B, lanes 7 to 10) .
For the ⌬mbnA mutant, both pmoA and mmoX expressions were found under all conditions in which the culture grew ( Fig. 5C  and D) . mmoX expression, however, was significantly reduced in the presence of 1 M copper (Fig. 5D, lane 6) , and such expression increased with the simultaneous addition of MB (Fig. 5D , lanes 7, 9, and 10).
Hg(II) binding by MB from M. trichosporium OB3b. Previous studies by fluorescent and UV-visible absorption spectroscopy, isothermal titration calorimetry, as well as the development of a gray precipitate suggested that MB from M. trichosporium OB3b will reduce more Hg(II) to Hg(0) per MB (24) . To extend our understanding of Hg(II) binding by MB, the spectral changes following Hg(II) binding, the pre-steady-state kinetics of Hg(II) binding, and the potential of MB to volatilize mercury following reduction to Hg(0) were assayed. The UV-visible and fluorescent spectra of mercury binding by MB were complex and suggested the binding of 2 mercury per MB, as evidenced by the requirement of 2 Hg per MB-OB3b for saturation ( Fig. 6 and 7) . Major transitions in the spectral properties at 0.25, 0.5, 1.0, and 2.0 mercury per MB were evident in the emission spectra (Fig. 7) . With the exception of the emissions in the 600-to 700-nm region, the fluorescent spectra of MB from M. trichosporium OB3b are associated with oxazolone ring A (27) . The emissions associated with oxazolone ring A appear to be quenched at 0.9 mercury per MB ( Fig. 7C and D) , at which point emissions associated with oxazolone ring B increase dramatically ( Fig. 7A and B) , and new emissions associated with oxazolone A appear in the 400-to 430-nm region ( Fig. 7C and D) . The results suggest internal quenching or exciton transfer between the two rings, and this internal quenching or exciton transfer is disrupted at mercury-to-MB ratios above 1.0. The spectral changes were similar to that observed with the binding and reduction of Au(III) to Au(0) and were similar to the spectral changes observed with metals that are reduced following binding by MB (23, 24) . In general, metals that are reduced following binding are coordinated by both oxazolone rings, while metals that are not reduced are coordinated by only one of the oxazolone rings. To determine if Hg(II) is reduced to Hg(0) and either remained associated with MB or was volatilized, MB was incubated in the presence of 0, 1, 2, and 4 Hg(II) per MB in closed systems with permanganate to trap volatile mercury (31) . Volatile mercury was never observed, suggesting that all mercury remained bound to MB.
The UV-visible absorption spectra of CH 3 ClHg and Hg(CN) 2 suggested that methanobactin from M. trichosporium OB3b bound these forms of Hg (see Fig. S3 in the supplemental material). However, the spectra following the addition of CH 3 ClHg and Hg(CN) 2 differed from the spectra following the addition of inorganic Hg(II), as did the saturation points where the spectra following the addition of CH 3 ClHg and Hg(CN) 2 were saturated at 1.0 and 0.5 ligands per MB.
To estimate potential interactions that may occur in mixedmetal environments, mercury and copper binding by MB was examined in the presence of a 2-fold molar excess of both Cu(II) and Hg(II). The results showed that a copper-to-mercury molar ratio of 9.7 Ϯ 7.6 copper to 1 mercury bound to MB under these conditions. Based on reported binding constants (23) , the binding of mercury in the presence of copper was unexpected. Hg(II) was found to be bound by MB with two affinities, a K 1 of 9.9 ϫ 10 6 M Ϫ1 and a K 2 of 9.0 ϫ 10 5 M Ϫ1 , which are 2 to 14 orders of magnitude lower than the Cu(II) binding constants of a K 1 of Ͼ1.0 ϫ 10 21 M Ϫ1 and a K 2 of 2.6 ϫ 10 8 M Ϫ1 (23, 24) .
DISCUSSION
The ability to synthesize MB, a low-molecular-mass siderophorelike molecule, plays an important role in methanotrophic metabolism, given the central role of copper in methanotrophic physiology and gene expression (1) . Methanobactin, while having a high affinity for copper, can also bind a variety of metals. We then decided to examine the ability and the effect of mercury binding by MB from M. trichosporium OB3b, particularly to determine if this form of MB reduced mercury toxicity to M. trichosporium OB3b as well as other methanotrophs. This study demonstrated that the addition of as little as 5 M mercury to the growth medium resulted in no growth of M. trichosporium OB3b wild-type and ⌬mbnA mutant cells. The addition of MB, however, allowed for growth similar to that observed in the absence of mercury, indicating that MB reduces its bioavailability. Interestingly, the amount of MB required to allow growth in the presence of mercury varied for the M. trichosporium OB3b wild type and ⌬mbnA mutant. Wild-type M. trichosporium OB3b was capable of growth in the presence of 5 M mercury if as little as 5 M MB was added to the growth medium (Fig. 1A and B) . The ⌬mbnA mutant, however, could grow in the presence of 5 M mercury only if 50 M MB was added simultaneously ( Fig. 2A and  B) . A possible explanation for this might be that while the M. trichosporium OB3b wild type is capable of producing MB in addition to the MB added to the medium, the ⌬mbnA mutant, defective in methanobactin production, cannot produce MB, result- ing in higher requirements for MB for the ⌬mbnA mutant to be able to grow in the presence of mercury.
An intriguing question is whether methanobactin produced by one microorganism can protect other microbes by binding toxic metals such as mercury. A simple experiment was conducted in which MB isolated from M. trichosporium OB3b was added to cultures of Methylomicrobium album BG8 (a Gammaproteobacteria methanotroph) and Methylocystis strain SB2 (an Alphaproteobacteria methanotroph) grown with different concentrations of mercury. As can be seen in Fig. 3 and 4 , it appears that MB was not toxic to either of these strains and actually enhanced the growth of Methylocystis strain SB2. Furthermore, the addition of as little as 5 M mercury in the absence of MB prevented any growth of M. album BG8 and Methylocystis strain SB2, as observed for the M. trichosporium OB3b wild type and ⌬mbnA mutant. The addition of MB, however, allowed growth similar to that observed in the absence of mercury (Fig. 3 and 4) .
It is noteworthy that the concentrations of MB needed to allow growth were different for M. album BG8 and Methylocystis strain SB2. Methylocystis strain SB2 could not grow in the presence of 5 M mercury if 5 M MB was added but did grow in the presence of 50 M MB (Fig. 3) , while M. album BG8 was capable of growth in the presence of 5 M mercury only if 5 M MB was added but with a very long lag phase (Fig. 4) . These data indicate that MB from M. trichosporium OB3b, when binding mercury, can act as a general prophylactic and protect the broader methanotrophic community from the toxic effects of mercury. At this time, it is unclear as to why M. album BG8 and Methylocystis strain SB2 required different amounts of MB to be able to grow in the presence of mercury. It can be speculated that mercury bound to MB from M. trichosporium OB3b is largely unavailable to M. album BG8 but that it is still bioavailable to Methylocystis strain SB2. It is known that both M. album BG8 and Methylocystis strain SB2 make different forms of MB but with very different affinities for metals; i.e., MB from M. album BG8 binds copper with an initial constant of ϳ10 5 M Ϫ1 , while MB from Methylocystis strain SB2 binds copper with an initial constant of 7.6 ϫ 10 26 M Ϫ1 (15, 35) . It may be that MB from M. trichosporium OB3b binds mercury to such a degree that it cannot be removed by MB from M. album BG8, while MB from Methylocystis strain SB2 can do so, increasing mercury bioavailability. In the presence of additional MB from M. trichosporium OB3b, it appears that such increased mercury bioavailability is reduced due to the greater likelihood of any released mercury being reassociated with MB from M. trichosporium OB3b.
From the metal uptake analyses (Table 1) , it is apparent that even in the presence of MB, mercury was found associated with the biomass of all tested strains whenever growth occurred. Thus, it appears that MB did not prevent the uptake of mercury, particularly for the M. trichosporium OB3b ⌬mbnA mutant, but it did make mercury more unavailable; i.e., mercury associated with MB was not subsequently removed and thus could not interfere with microbial metabolism. It is interesting to note, however, that the amount of mercury associated with M. album BG8 and Methylocystis strain SB2 was smaller than that found for the M. trichosporium OB3b wild type and ⌬mbnA mutant. It appears that MB from M. trichosporium OB3b was not as easily taken up by M. album BG8 and Methylocystis strain SB2, suggesting that these strains have different systems for MB uptake than that of M. trichosporium OB3b.
Genomic mining indicates that the putative uptake mechanism, a TonB-dependent transporter, varies between methanotrophs (36) . These data, coupled with the mercury data shown here, indicate that methanotrophs may have some, but not complete, selectivity for their own form of MB. This may also explain why less MB from M. trichosporium OB3b was needed to protect M. album BG8 from the toxic effects of mercury than Methylocystis strain SB2; i.e., the canonic methanobactin biosynthesis and transport operon found in M. trichosporium OB3b and a variety of Methylocystis strains (6, 36, 37) is not found in M. album BG8. As such, it may be that M. album BG8 is less able to take up MB from M. trichosporium OB3b and thus is less likely to be affected by mercury associated with it than Methylocystis strain SB2.
Expression levels of key genes involved in sMMO and pMMO were assayed in M. trichosporium OB3b wild-type and ⌬mbnA mutant cells to determine if mercury toxicity was due to differential expression of the methane monooxygenases. As shown in Fig.  5 , for the M. trichosporium OB3b wild type, expression of pmoA (encoding the 26-kDa subunit of pMMO) was found under all conditions in which cultures grew (i.e., all conditions but those where mercury was added in the absence of MB), but the addition of MB induced expression of mmoX (encoding the 54-kDa subunit of the hydroxylase of sMMO). Furthermore, the M. trichosporium OB3b ⌬mbnA mutant expressed both pmoA and mmoX under all conditions in which it grew (i.e., all conditions but those where mercury was added in the absence of at least 50 M MB). Such a finding indicates that MB plays a role in the copper switch of methanotrophs, as previously reported (6) . Given that the M. trichosporium OB3b strains examined here grew in the presence of mercury while expressing either pmoA or both pmoA and mmoX, it appears that the toxicity of mercury in the absence of MB was not due to selective inactivation of one form of the methane monooxygenase; rather, it was due to more general pleiotropic effects.
Collectively, these data raise several questions. First, how can MB from M. trichosporium OB3b detoxify mercury in the presence of copper, given that this form of MB has a much greater affinity for copper than for mercury? Examination of the kinetics of mercury binding by MB provides a plausible explanation. At equimolar concentrations of mercury and MB, approximately 90% of the binding measured by spectral shifts at 341 nm and 394 nm (corresponding to the two oxazolone rings) was complete before the 1.8-ms dead time of the stopped flow system (see Fig. S4 in the supplemental material). Based on the remaining 10% of the reaction, an observed rate constant, k obs , of 640 Ϯ 43 s Ϫ1 was determined for the binding of mercury to both rings of MB. This initial binding rate for mercury was similar to the observed rate constant for Cu(II) binding by oxazolone A and 5 times higher than the observed rate constant for Cu binding by oxazolone B (23) . Furthermore, previous studies demonstrated that Cu(II) cannot displace mercury bound to MB (24) . In light of this finding, coupled with a comparable, if not higher rate, of Hg(II) binding by MB compared to that of copper, the observed binding of mercury in the presence of Cu(II) is not surprising. This binding ratio of mercury to copper also may explain the 10-fold-higher MB concentrations required to neutralize Hg(II) toxicity to the M. trichosporium OB3b ⌬mbnA mutant than to the M. trichosporium OB3b wild type, as the ⌬mbnA mutant is unable to make any methanobactin.
Second, in polluted environments, does MB produced by any one methanotroph serve to mitigate the toxicity of mercury to the general methanotrophic community? Does such detoxification extend to the broader microbial community, i.e., are nonmethanotrophs also protected from mercury toxicity through methanotrophic-mediated production of MB? Furthermore, given that mercury speciation in situ includes organic forms such as methylmercury, can MB bind these forms of mercury? UV-visible spectral data (see Fig. S3 in the supplemental material) indicate that organic forms of mercury can indeed be bound by MB, but the affinity for such forms of mercury is unknown. In addition, as speculated above, different forms of MB are known to have different affinities for copper-do they have different affinities for various forms of mercury? The detoxification of mercury by methanotrophs in situ may be highly dependent on the composition of the methanotrophic community as well as the form(s) of mercury present.
Third, it was observed that the growth of Methylocystis strain SB2 was stimulated by the addition of MB of M. trichosporium OB3b in the absence of mercury (Fig. 3) . As Methylocystis strain SB2 can express only pMMO (38) , which requires copper for high activity, it may be that MB from M. trichosporium OB3b increased the bioavailability of copper, thereby increasing the activity of pMMO in Methylocystis strain SB2. If so, this suggests that MB made by one methanotroph may actually be taken up by others (as also suggested by the mercury uptake data [ Table 1] ). This raises the following intriguing questions. Do all methanotrophs in a mixed community produce MB, or do some species act as "cheaters" and rely on MB made by other microbes to meet copper requirements for metabolism? How do methanotrophs that make MB ensure that they are able to effectively compete with such cheaters for copper? As noted above, it appears that different methanotrophs selectively take up their own form of MB, but these uptake systems have some infidelity. It may be that in situ, such infidelity may be optimized as a general strategy for competition between methanotrophs. Such questions are beyond the scope of this research but clearly warrant more attention.
